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Abstract
Lunar granulites are believed to be metamorphosed polymict impact breccias that have 
the potential to yield new information on the origin and evolution of the lunar crust and 
its impact history. A major challenge in studying these rocks is to elucidate the 
metamorphic environment and processes that gave rise to the enigmatic granulitic 
textures. Presented here is the first comparison of the metamorphic characteristics of 
lunar meteorite NWA 3163 with shock-metamorphosed and heated anorthosites at the 
Mistastin Lake impact structure of northern Labrador. The Mistastin Lake impact 
structure is a 36 ± 4 Ma, 28 km diameter feature situated at the north-eastern end of the 
Mesoproterozoic Mistastin Batholith composed of anorthosites, granites and lesser 
amounts of gabbro. Petrographic observations suggest that the majority of the feldspar 
within samples from the central uplift has been transformed to diaplectic glass 
(maskelynite). Samples from clasts within impact melt rock appear to have undergone 
some degree of devitrification, most likely because of thermal metamorphism due to the 
heat of the impact melt. A comparison of these shock features, maskelynite distribution 
and grain boundary characteristics as shown with Backscatter Imaging (BSE), colour 
Cathodoluminesence (CL) and Energy Dispersive X-Ray Spectrometry (EDS) spectra 
with those of NWA 3163 have determined that no samples retrieved from Mistastin 
exhibit textures similar to those found in lunar granulites. This result was unexpected 
and warrants additional studies of lunar granulites. Using CL to identify metamorphic 
textures, NWA 3163 has been found to be a poikiolitic granoblastic granulite.
Keywords: Lunar granulite, Mistastin Impact Structure, Maskelynite, Crater, Melt Sheet, 
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Meteorite impacts play a significant role in the generation and evolution of 
planetary crusts (Taylor, 1989). No other geological processes are known that generate 
the magnitude of pressures (>100 GPa) and temperatures (several 1000’s K) associated 
with impacts, or in such brief timescales and in such spatially confined areas. These 
extraordinary pressures and temperatures result in shock metamorphism, melting, and 
vapourization of target lithologies around the point of impact, which changes the target 
rocks on both the very large and very small scales (Grieve, 1981). Many of the shock 
metamorphic effects can only be created by hypervelocity impacts and are, therefore, 
considered diagnostic of meteorite impact events (French and Koeberl, 2009). These 
meteorite impact events generate pressures and temperatures far beyond those produced 
by geological processes found on Earth’s crust and consequently produce products not 
normally found in a terrestrial metamorphic regime. The limits to terrestrial 
metamorphism are 100-1000°C and are undefined in respect to pressure.
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Figure 1.1. Conditions of shock metamorphism with shaded region representing 
terrestrial metamorphism. Note logarithmic X-axis. (French, 1998).
Despite being ubiquitous throughout the solar system, the role that meteorite 
impacts play in planetary crust formation and evolution is poorly understood. The Moon 
is severely cratered, both on the near side and most notably on the far side. These impact 
craters could possibly yield new insights into the processes that formed the solar system 
and the planets themselves, particularly regarding conditions of crustal formation. The 
Moon is an important heavenly body to study as the lunar surface has not experienced 
erosion or resurfacing and provides a window into the solar system’s past. Lunar 
meteorites offer a unique sampling of the Moon’s surface, independent of the returned 
Apollo samples. From data collected by the Apollo missions, it is known that the lunar 
crust is dominated by the highland areas, largely anorthosites and norites, and the maria, 
which are comprised of basalts (Stoffler et al., 1985). Lunar granulites are known in both
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the Apollo and meteorite collections. They represent a suite of enigmatic metamorphosed 
lunar materials from which much information on lunar metamorphic processes remains to 
be gleaned (Cushing et al., 1999). The purpose of this study is to further the 
understanding of the origin and history of lunar granulites by characterizing a poorly 
studied lunar granulite meteorite (NWA 3163) and by conducting a comparative study 
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Figure 1.2. Mistastin Lake impact structure in Northern Labrador.
This 36±4 Ma old, ~28 km crater contains crystalline anorthosite, along with 
adamellite and mangerite as target lithologies and also has a well preserved melt sheet 
(Grieve, 1975). For this study, samples of shocked anorthosite from the central uplift,
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along with samples of clast-rich impact melt were taken from various sites around the 
impact structure during the 2009 field season. Another objective of this thesis is to 
document the textural evolution of NWA 3163 and to evaluate whether or not any 
lithologies at Mistastin are a suitable analogue to this lunar granulite in order to better 
understand cratering processes. In order to accomplish this, metamorphic textures will be 
used to better elucidate the histories of both the impact structure and the lunar granulitic 
meteorite. Clasts entrained in the impact-generated melt were analyzed to investigate 
whether any textures appear similar to those present in lunar meteorite NWA 3163. In 
addition, the shocked anorthosites from the central uplift were compared to the meteorite, 
and metamorphic textures were studied to establish whether either of these suites 
underwent processes similar to those that formed NWA 3163. Essentially, the goal is to 
determine how lunar granulites are generated and if any of the same processes occurred 
during the formation of the Mistastin Lake impact structure or its subsequent 
modification. Optical (petrographic microscope), Scanning Electron Microscope (SEM), 
Energy-dispersive X-ray spectroscopy, SEM-Cathodoluminesence and petrography have 
been used to address these scientific goals as they offer a non-destructive method of 
understanding the chemical make-up of NWA 3163 and the Mistastin samples.
4
Chapter 2: Literature Review
2.1. Introduction
Meteorite impacts are a very important geological process throughout the 
terrestrial planets, including on Earth. Impacts from asteroids and comets have been 
demonstrated to be the cause of geological structures ovoid in shape, have produced 
significant volumes of igneous rocks, have formed globally important economic mineral 
deposit and possibly one major biological extinction (French, 1998; Melosh, 1989) The 
fact that geoscientists can attribute these phenomena to meteorite impacts has hinged on 
the ability to correctly identify these impacts and discriminate them from similar features 
formed by endogenic terrestrial processes. To say a meteorite impact caused a particular 
aspect of a region’s geology unequivocally has been a very important step in the 
understanding of meteorite impact mysteries (Grieve, 1987).
Simply finding the impacting projectile is highly unlikely as it is nearly 
completely obliterated in a given impact (Melosh, 1989). In order to correctly diagnose 
an impact structure, the terrestrial target rocks must be examined. It is these rocks that 
have undergone extreme pressures and temperatures characteristic of impact structures 
(Melosh, 1989).
Many features of a meteorite impact structure are not generated exclusively by 
hypervelocity impact. Patterns of circular deformation, fracturing and brecciation, large 
units of igneous rocks and sub-circular gravity and magnetic anomalies can be a result of 
terrestrial processes such as volcanic activity, igneous intrusions and regular tectonic 
activity (French, 1998; Langenhorst, 2002). The unambiguous identification of an impact
5
structure depends on the presence of a set of diagnostic shock metamorphic effects that 
are unique to hypervelocity impacts (Fig. 2.1) (Grieve and Pilkington, 1996).
Diagnostic vs Non-diagnostic Shock indicators.
Indicators diagnostic for shock metamorphism and meteorite impacts
-Preserved meteorite fragments
-Chemical and isotopic projectile signatures
-Shatter cones
-diaplectic glasses
-High pressure mineral phases
-High temperature glasses and melts
-Planar fractures (PF's) in quartz
-PDF's in quartz and feldspar





-Kink banding in micas
-Mosaicism in crystals
-Pseudotachylite and pseudotachylite breccias 
-Igneous rocks and glasses 
-Spherules and microspherules
Modified from French and Koeberl, 2009
Figure 2.1. Diagnostic vs. Non-diagnostic shock indicators. Modified from French and 
Koeberl, 2009.
Using this small set of shock metamorphic effects will be crucial in identifying 
yet-to-be discovered impact structures. This data will help provide a more complete 
database for understanding the past impact rate of objects striking Earth and combined 
with lunar data, a more complete bombardment history of the inner solar system. Such 
data will also be helpful in identifying ejecta blankets that remain undiscovered or that 
have been eradicated by earthly processes after formation (French and Koeberl, 2009).
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2.2. Conditions of Impact
A meteorite impact is essentially a release of a tremendous amount of energy in a 
very short period of time, through the collision of a meteorite with a planetary body. 
Examining the equation of kinetic energy, M l m J ,  where m is mass and v is velocity, 
even a relatively small object of a few kilograms travelling at tremendous speed, typically 
tens of kilometres per second (French, 1998), ill have an enormous amount of energy. It 
is this energy that is transferred to the target rocks at the point of contact with the Earth. 
The resulting high-pressure shock that radiates through the target is the source of the 
shock metamorphism that occurs at impacts. The shock wave radiates in a hemispherical 
fashion with the amplitude of the wave decreasing with distance from the point of impact 
(Melosh, 1989). Eventually the wave diminishes so that it transforms to an elastic wave; 
this elastic or seismic wave can continue for distances much greater than the rim of the 
crater, which is generally where the shock wave transforms into the elastic wave (Grieve, 
1991).
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As the shock wave travels outward from the target area, it affects the rock such 
that it creates hemispherical zones of progressively decreasing shock levels (Fig. 2.2).
Projectile
Figure 2.2. Idealized cross-section showing shock pressure isobars. Note the shaded 
zone of shock metamorphism (Taken from French, 1998, modified from Melosh, 1989).
Shock pressures very near the impact may exceed pressures of over 100 GPa. 
Pressures of this magnitude melt and vapourize large amounts of target rock and very 
nearly the entire impactor. Away from the point of impact, the target rock experiences 
gradually decreasing pressures that result in characteristic shock effects. These are 
summed up by Melosh (1989) in Table 3.2. As the shock wave travels outward from the 
target, material is expelled outwardly and upwardly due to the interference between the 
shock wave and the reflected wave (Fig 2.2). This resulting crater is typically 10 to 20 
times the diameter of the impactor. The pressure and temperature conditions present 
during the passing of the shock wave and excavation of the crater are completely unlike
8
any of those found on Earth in normal surficial geological processes. Target rocks can be 
subjected to sub solidus shock effects of 10-60 GPa. Normal metamorphic pressures on 
crustal rocks are typically 1-3 GPa for comparison. The shock wave also generates 
tremendous amounts of heat, sometimes in excess of 2000°C, which is hundreds of 
degrees hotter than regular igneous processes (French and Koeberl, 2009). This 
exceedingly high temperature may produce unique melting products. Unlike most 
regular terrestrial processes that occur during thousands, or millions of years or longer, 
meteorite impacts happen in an instant. It can take as little as 10"6 s for an impact 
generated shock wave to travel 1 cm through target rock and less than 1 hr for a crater 
100 km across to be produced (French, 1998). The result of such rapid geological 
processes is rapid cooling and unique disequilibrium textures, as opposed to equilibrium 
textures produced in normal igneous and metamorphic rocks. Shock features generated 
by impacts fall into one of two categories, depending on the pressures experienced by the 
target rocks. Pressures greater than 10 GPa are unique to impact events, while shatter 
cones form at 2 GPa and are diagnostic of impact events (French and Koeberl, 2010).
2.3. Shock Metamorphism
French (1968) describes shock metamorphism as “all changes in rocks and 
minerals resulting from the passage of transient, high pressure shock waves.” The only 
known natural means of generating a shock wave is through a hypervelocity (greater than 
3000 m/s) impact, however the term impact metamorphism includes effects produced by 
man-made shock waves, such as nuclear explosions. The specific conditions for shock
9
metamorphic features have been established through a wide variety of studies (French, 
1968; Grieve and Pilkington, 1996; Melosh, 1989).
Different shock pressures create different shock features. Pressures of > 10 GPa 
produce the most diagnostic shock features such as planar deformation features in quartz, 
diaplectic glasses like maskelynite, high temperature polymorphs the effects of high 
temperature melting. Shatter cones and some varieties of planar microstructures in quartz 
may develop at lower pressures, such as greater than 2 to 10 GPa. Contrarily, a shock 
wave of <5 GPa can result in deformation effects of all scales that may be 
indistinguishable from those produced by regular geological deformation (French and 
Koeberl, 2009; Grieve and Pilkington, 1996). Such effects include patterns of circular 
deformation, brecciation, faulting and fracturing. These features produced by such low- 
pressure shock waves are not used as diagnostic feature for this reason.
Two major criteria have been used to positively identify meteorite impact 
structures. The first is using any surviving fragments of the meteorite, whether as actual 
bits of the meteorite itself or as an enhanced chemical signature in the target rocks 
produced by the impactor. The second is using diagnostic shock features, particularly 
those created above 10 GPa (Dietz, 1959).
2.3.1. Shatter Cones
Shatter cones are the only shock deformation feature that is visible on the hand 
sample to outcrop scale (Dietz, 1959). The majority of shock metamorphic features are 
created by pressure of >10 GPa and are microscopic in size. Shatter cones, as the name
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implies, are conical to semi-conical, striated sets of fractures (Fig. 2.3). They are most 
often found within rocks beneath the crater floor, but may be found in breccias. The 
cones themselves may be found either as singles or in groups and are found in a variety 
of sizes from mm to m scale. Partial cones or curved surfaces with “horsetailing” are far 
more common then complete cones found intact. Shatter cones are generally found 
parallel or sub-parallel to one another, a fact used to bolster the argument that the cone 
points in the direction from which the shock wave came (Fackelman et al., 2008). 
However, some cones have been found that do not follow this hypothesis. Although 
shatter cones have been found in many impact structures, the mechanism for cone 
creation is still poorly understood. Both experimental and geological studies provide 
evidence for shatter cones being formed by pressures from >2 GPa to 30 GPa. 
Autochthonous shatter cones tend to be found in the centre of impact areas, such as the 
central uplift.
Currently, no quantitative method has been developed to distinguish between 
shatter cones and non-impact structures and often times the identification of shatter cones 
is related to the experience of the cone finder. In most cases, shatter cones in rocks are 
found along side more distinctive shock effects to provide complementary evidence, but 
in a few cases, well-developed shatter cones have been accepted as evidence for an 
impact (Fackelman et al., 2008).
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Figure 2.3. Typical horsetailing in a shatter cone. Courtesy of A. Singelton.
2.3.2. Planar Features
The energy transmitted by impact-produced shock waves can create planar 
features visible under microscope in a variety of minerals such as quartz and feldspar. 
These planar features have been interpreted as features unique to meteorite impacts and 
have been crucial to identifying impact structures. Specifically, planar features in quartz 
have been a commonly used attribute for determining the validity of new impact structure 
(Grieve and Pilkington, 1996). Due to its abundance and resistance to external physical 
influences such as metamorphism and alteration, quartz (SiOi) is an optimal mineral to 
examine for planar fractures. Quartz may also be used as a shock pressure indicator, as it
12
can display different planar features in correlation with shock pressure. Thus it can be 
used as a recorded shock indicator. Two types of planar features are known, planar 
fractures and planar deformation features (PDF’s).
2.3.2.1. Planar Fractures
Planar fractures are features that develop at the low range of shock 
metamorphism, in the range of 5-8 GPa. They consist of parallel sets of planar cracks in 
quartz grains (Fig. 2.4). The fractures generally range from 5-10 pm in width and are 
usually 15-20 pm apart. Although rare, quartz may display cleavage in non-impact 
environments that may be confused with PF’s and consequently planar fractures cannot 
be used as independent markers for a meteorite impact. They are however, very 
suggestive if found in conjunction with shock effects formed at higher shock pressures.
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Figure 2.4. Planar fractures in quartz. Courtesy of A. Singleton 
2.3.2.2. Planar Deformation Features (PDFs)
PDF's, unlike planar fractures, are groups of very narrow parallel planar regions 
within minerals. A given PDF is usually 2-3 pm wide and has a spacing of 2-10 pm 
(Fig. 2.5). Contrast this with the open cracks of planar fractures (PF's). Analytical 
studies show deformation of the atomic lattice within a PDF, such that the mineral, 
usually quartz, has been altered to an amorphous phase (Kieffer et al., 1976). PDF's are 
critical indicators of impacts because they are clearly different from deformation features 
that arise from terrestrial processes like tectonic deformation.
14
Figure 2.5. Petrographic image of multiple planar deformation features, taken from 
Goltrant et al., (1992). Red scale bar is 100 pm.
Cleavage, although rare, is found in quartz in certain instances (Stoffler and 
Langenhorst, 1994). However, quartz cleavage tends to be thicker (~10pm) and more 
widely spaced (~20pm), as well as open cracks. Deformation lamellae are optically 
distinct bands of quartz 10-20 pm thick and > 10 pm apart that are mis-oriented 
compared to the host grain. Contrarily, PDF’s are 2-3 pm planes of deformed 
amorphous quartz. Generally they are oriented parallel to crystallographic planes.
Well-developed PDF’s in quartz are quite distinct in thin section, as they appear 
as multiple sets of continuous planes that may extend across entire grains. Well
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preserved younger impacts show more fresh continuous PDF’s, but older structures may 
as well. Fresh PDF’s have been found at the K/T boundary, in Chicxulub crater ejecta 
(French, 1998).
PDF’s have a similarly distinct yet discontinuous nature in old, altered or 
metamorphic rocks. The formally amorphous phase within the PDF planes revert back to 
crystalline minerals (quartz), while groups of 1-2 pm fluid conclusions called 
decorations grow along the original planes. The resultant decorated PDF’s then retains 
the orientations of the original PDF’s and the fabric resulting from the shock may still be 
observed in rocks that have been subjected to metamorphism. Further recrystallization 
produces a display of small subgrains, particularly along PDF’s parallel to the base 
c(0001) of the quartz (Leroux et al., 1994).
Shock can create planar microstructures in other minerals besides quartz. 
Feldspars of all varieties may present different types of planar microstructures and actual 
PDF’s. These short and closely spaced PDF’s combined with wider spaced features such 
as deformation bands or albite twinning to create a unique ladder texture. These features 
are not as well researched as those found in quartz, despite studies by (Stoeffler and 
Homemann, 1972) and (French, 1968). Planar features in feldspars are more diverse and 
optically complex than in quartz, and feldspars alter more readily to clays and iron 
oxides. Any impact structure in crystalline rocks that has shocked feldspars usually tends 
to have shocked quartz as well. This shocked quartz provides a more straightforward 
procedure for identifying structures as impacts.
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Planar fractures and PDF’s have been observed in more mafic minerals than
quartz and feldspar, such as pyroxene, amphiboles and accessory phases (Stoffler and 
Homemann, 1972). These minerals have been studied far less and are far less abundant 
at impact structures.
PDF’s in more dense mafic minerals occurs at greater pressures and in a narrower 
range of pressure than in more common felsic minerals (Stoffler, 1972). Shock wave 
induced pressures effect minerals differently as pressure capable of forming PDF’s in 
quartz and feldspar result in planar fractures, mechanical twins and general comminution 
(Stoffler and Homemann, 1972).
2.3.3. Diaplectic Glass
In pressure regimes of 30-50 GPa, crystalline minerals may be converted into an 
amorphous phase while remaining in a solid state, called diaplectic glass (Engelhardt and 
Stoffler, 1968). Diaplectic feldspar glass was first found in meteorites and has since been 
found in terrestrial craters.
A crucial but frequently misunderstood aspect of diaplectic glass is the 
transformation from crystalline form occurs in the solid state and not from regular 
melting (Bunch et al., 1967). A typical diaplectic glass resembles closely the initial 
grain, and lacks any signs of flow. Unlike thermally produced melts, diaplectic glasses 
still show long range order within their structure and are significantly different from the 
unshocked material, and a normally melted glass. Refractive index measurements by X- 
ray diffraction, infrared or Raman spectroscopy show these differences (French and
17
Koeberl, 2009). Generally speaking, diaplectic glasses are more rare than other shock 
features, such as shatter cones or PDF’s in impact structures. However, diaplectic quartz 
and feldspar, called maskelynite, are found in a number of impact structures, in either 
crater fill breccias or in central uplifts where enough pressure was generated. Diaplectic 
quartz and feldspar glass are just as diagnostic for an impact site as shatter cones and 
PDF’s, but are more difficult to identify. A grain being simply isotropic in thin section is 
inadequate to unequivocally identify diaplectic glass as the isotropy can be found in a 
thermally melted glass or even caused by the optic axis being normal to the microscope 
stage (French and Koeberl, 2009) recommend the following steps to undeniably identify 
diaplectic glass.
1) The identification of an isotropic grain that pseudomorphs the shape of the 
unshocked material.
2) The demonstration that the chosen grain is a single phase, usually quartz or 
feldspar, generally by electron microprobe.
3) Ensuring the grain is fully isotropic and glassy but unmelted by any suitable 
technique (XRD, Raman, 1R or U-stage).
In the course of the past few years there has been some controversy about the nature of 
maskelynite as it does not produce a characteristic glassy Raman spectra (Chen and El 
Goresy, 2000). These authors also debate the formation of maskelynite, making the case 




First discovered by Tschermak in 1865 as a major component of the Shergotty 
meteorite, maskelynite is an amorphous form of plagioclase (Milton and de Carli, 1963). 
The isotropic glass was of labradoritic composition. It is thought that maskelynite is 
formed by the solid state transition of shocked plagioclase, rather than by melting, though 
this is of some debate (Chen and El Goresy, 2000).
Milton and de Carli (1963) experimented on the formation of maskelynite by 
shock loading gabbro in the laboratory. In their experiment, plagioclase was transformed 
via solid state transformation to maskelynite after 25-30 GPa and 350°C was applied.
This was done with a gabbro sample and the pyroxenes remained crystalline. A second 
sample, shocked to 60-80 GPa had a vastly different appearance as the plagioclase was 
melted. Vesicles were reported with orthopyroxene remaining crystalline. It occurs 
isotropic, though patches may exhibit low birefringence. In hand sample maskelynite 
appears blue (Bunch et al., 1967). Often original grain boundaries, twin composition 
planes and cleavages are preserved intact. In some cases, one twin lamellae may be 
converted to maskelynite while the other is less effected, emphasizing the importance of 
orientation and structure as controls on the transformation. Mafic minerals adjacent to 
maskelynite tend to remain crystalline, also suggesting composition and structure have a 
significant role. The high refractive index of maskelynite suggests it is a dense phase and 
the common occurrence of it grading into plagioclase indicates it is more ordered than 
thermally fused glass, but not so much as crystalline plagioclase.
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Figure 2.6. Maskelynite from MST09-022. central uplift of Mistastin Lake impact 
structure. Main mass remains optically extinct with numerous inclusions.
The heating experiments of Bunch and Dence (1967) show maskelynite is a 
metastable phase. The plagioclase to maskelynite alteration may only occur with a slight 
disorientation of the Si tetrahedral. This would mean maskelynite has a greater short 
range order than fused plagioclase. Maskelynite then reverts to plagioclase upon thermal 
annealing by strain relaxation between short range domains.
Much of the work done on shock produced phases and their origins and pressure 
temperature history has been based on single crystal and poly-crystalline material, in 
addition to thermodynamic calculations of energy dissipation during the shock transition
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phase. However, little experimental data is available about the shock wave behaviour of 
quartz and feldspars in multiphase rocks. In this case, equilibration and pressures are 
achieved through shock wave reflections causing P-T and T-t paths quite different from 
those of a single wave transition (Chen and El Goresy, 2000).
The differences in the pressure/temperature histories of single crystals and 
crystals in multiphase rocks are presumably not significant for dense crystalline rocks 
such as a granitoid, with a relatively small amount of mafic minerals. However, in the 
more extreme case of much more porous rocks, these differences may result in different 
formation conditions for glasses of silicates. Basically the number of mineral phases in a 
rock will affect the conditions under which amorphous phases may form.
2.3.4. High Pressure Polymorphs
High-pressure shock waves not only have the energy to destroy a mineral’s crystal 
structure, they may also change the minerals into a completely new phase(s). These high- 
pressure mineral phases are normally stable at lower crust or mantle depths, so their 
presence in near surface rocks can be definitive evidence of a shockwave and a 
corresponding meteorite impact. Several authors have used coesite and stishovite as 
indicators of impacts (Stoffler and Langenhorst, 1994).
Diamond, a well known high pressure polymorph of graphite, has been identified 
at many impact sites in the form of ~mm sized diamonds (Gilmour, 1998). Other 
minerals can be transformed into high-pressure polymorphs by impact-produced 
shockwaves. Zircons can be altered to reidite, which Glass et al., (2002) and Wittmann
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et al., (2006) have associated with microtektite deposits. At Chesapeake Bay, a Ti02 
polymorph has been identified, likely originating as rutile or anatase.
As a high-pressure polymorph cannot usually be identified solely by using a 
microscope, analytical techniques can be applied, such as XRD, TEM and Raman. 
Although relatively common, coesite, and diamond must be carefully examined before 
they can be considered diagnostic of an impact. Both coesite and diamond may be found 
in deep terrestrial rocks where they formed in equilibrium with high static pressures 
(Smith, 1984) Since this is the case, geological context must be carefully scrutinized. If 
the coesite or diamonds are found in units that have been formed in shallow sediments 
and upper crustal rocks, this is an indicator of an impact. These two high-pressure 
polymorphs are usually associated with other phases that are in disequilibrium that would 
ordinarily be present in crustal rocks, such as multiple silica phases found in the same 
sample. Stishovite, a higher-pressure mineral, has until recently only been identified in 
impact structures. Recently, however, trace amounts of stishovite have been found 
within diamonds, as well as post-stishovite phases in ultra-high pressure rocks. These 
occurrences are in deep mantle rocks, so stishovite in sediments or upper crustal rocks is 
a reliable impact indicator.
2.3.5. High Pressure Glasses and Melts
Increasing shock pressure also increases the temperature that the target rocks 
experience. Impacts, whether they be large or small, have sufficient energy to raise the 
temperatures to >1500°C, which is enough to melt minerals otherwise unaffected by
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temperatures created in normal geological processes. This melting can be an indicator of 
a meteorite impact (Stoffler, 1984). The considerable temperatures involved with 
melting tend to homogenize the chemical composition of the melt, which may reset 
isotopes used to radiometrically date the melt (Osinski et al., 2008). The result is impact 
melts are very valuable in dating the age of impacts, and the crater.
A form of silica glass called lechatelierite is a common indicator of high 
temperature. It may be found within melted rocks or as schlieren in glassy bodies from 
young, well preserved impact structures. Lechatelierite is diagnostic of temperatures >
1750° C, which is much greater than heat generated by normal geological processes 
(Stoffler, 1984). Zircon (ZrSi0 4 ) alters to baddeleyite (ZrCh) at 1850°C, making 
baddeleyite indicative of high temperatures (Smith and Newkirk, 1965). Titanite melts at 
1450°C making it another indicator of very high temperatures (French, 1968).
Like other diagnostic features, using lechatelierite as evidence for a meteorite 
impact requires some degree of caution. Lechatelierite can also be confused with opal or 
opaline chert, which may appear isotropic under cross nicols. However, a distinction can 
be made depending on textural and mineralogical relationships, as well as the appearance 
of lechatelierite, as in flow structures.
2.3.6. Ballen Silica
A lesser and poorly understood effect of shock metamorphism is the unusual 
texture of ballen silica (Fig. 2.7). It may be present as either alpha quartz or alpha 
cristobalite structure and consists of roughly spheroidal units that often appear fish-scale
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like and range from 10-200pm (Ferriere et al., 2009). Both ballen quartz and cristobalite 
can occur in different forms. The three observed forms are in diaplectic quartz glass, in 
lechatelierite inclusions or as clasts in impactites, dominantly as impact melt rocks.
These rounded bodies may range from isotropic to completely crystalline.
Two processes of formation have been suggested by Ferriere et al., (2009). The 
first is a solid-state transition from a-quartz to diaplectic glass, followed by the high 
temperature formation of ballen P-cristobalite and/or (3 quartz then the return of a- 
cristobalite/quartz. The second process is a solid/liquid transition from quartz to 
lechatelierite, followed by nucleation and subsequent crystal growth at high temperature. 
In light of virtually all examples of ballen silica being accompanied diagnostic shock 
features such as PDF’s in quartz, ballen silica has yet to be added to the list of diagnostic 
criteria.
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Figure 2.7. Ballen silica taken from MST09-011. 
developed.
Typical fish-scale pattern is poorly
2.4. Lunar Meteorites
A lunar meteorite is a meteorite that has been ejected from the Moon and been 
discovered on Earth. The first confirmed lunar meteorite was discovered in 1982 during 
the ANSMET (Antarctic Search for Meteorites) program (Marvin. 1983). A meteorite 
can be established as lunar in origin by a comparison to the samples returned during the 
Apollo missions. Lunar meteorites are ejected from the Moon by impacts on the lunar 
surface that form craters of a few kilometres (Hiesinger and Head III, 2006). Compared 
to the known locations of the Apollo samples, lunar meteorites offer a random sampling
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of the lunar surface and are quite valuable as they greatly increase the effective available 
lunar sample mass.
2.4.1. The First Lunar Meteorite
The first rock demonstrated to be of lunar origin found on Earth was discovered 
on January 18 1982 by John Schutt during the 1981-1982 ANSMET search season. The 
meteorite was collected on the very last day of the search program. It was described by 
Marvin, 1983 as “a rounded specimen with one small area of broken surface” (Marvin, 
1983). It was covered by a thin greenish fusion crust and contained white clasts visible 
through the crust. The specimen weighed 31.4 grams and had a rough volume o f-22.5 
cm3 (Marvin, 1983). It was named ALHA81005 as per the international system for 
naming Antarctic meteorites. The initial description by Roberta Score at the NASA JSC 
described light clasts up to 8 mm in size set in a black matrix. A thin section was 
prepared from a small chip at the Smithsonian Institute, where it was classified as an 
anorthositic breccia by Brian Mason. This was unprecedented among meteorites. Mason 
noted the clasts resembled the anorthositic clasts from lunar rocks (Marvin, 1983).
2.4.2. Petrographic evidence
To demonstrate the lunar origin of ALH81005, 2 major points of petrographic 
evidence are highlighted. The first is the dominant anorthositic composition and the ratio 
of MnO/FeO in pyroxenes (Laul and Schmitt, 1973). The most common mineral of the
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clasts is plagioclase and the glasses found in the meteorite have a plagioclase-like 
composition. The MnO/FeO ratios of pyroxenes in ALHA81005 group with lunar rocks, 
although this in itself is not unequivocal evidence for a lunar origin. Another common 
component of ALHA81005 is glass bonded agglutinates, which are diagnostic of lunar 
soils (Marvin, 1983). Solar gases trapped in the meteorite add to the myriad of evidence 
that ALHA81005 was once part of the moon.
2.4.3. Transport
In 1795 the German astronomer Olbers first proposed that meteorites came from 
the Moon as a consequence of lunar volcanic activity (Nazarov, 2004). Later 
observations showed that meteorites originate from the asteroid belt and, although 
mentioned occasionally, the idea of the Moon as the source of meteorites was dismissed. 
The Apollo and Luna spacecraft successfully returned -400 kg of lunar material with the 
vast majority coming from the Apollo missions. As aforementioned, the first lunar 
meteorite was discovered and identified in 1982 and since the lunar meteorite collection 
has expanded to more than 46 kg. This is much more than the total returned by the 
Russian Luna automated spacecraft. It has been demonstrated by Warren, (1985) and 
others that lunar meteorites are ejected by way of small impact events, generally those 
that generate craters <12 km. This is postulated on the relatively young ejection ages of 
lunar meteorites. Thalmann et al. (1996) demonstrate that ejection ages do not surpass 10 
Ma and half have been in space for 0.1 Ma based on their radioactive history. This 
agrees with computations by Arnold, (1965). The flux of lunar meteorites is dependant
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on the flux of small crater forming bodies impacting the moon that are capable of 
producing crater ejecta with velocities exceeding 2.38 km/s, the escape velocity of the 
Moon (Schneider, 1975). An additional factor to consider about lunar meteoritic ejection 
is the lower porosity of the meteorites compared to the Apollo samples. Warren (2001) 
demonstrated 8 lunar meteorite breccias have lower porosity (~3%) than 44 analogous 
Apollo samples (~25%). This was attributed to 2 factors. Firstly, more competent and 
compact breccias are more likely to survive the launch to at least 2.38 km/s and lunar 
materials are likely to have become compacted and less porous during the impact event 
due to the shock wave that caused the ejection.
It has been recognized that some of the lunar meteorites were ejected from the 
Moon by the same event. These meteorites are said to be “launch paired”. Korotev et al., 
(2003) has paired Yamoto 793164, Asuka 88757, MIL 05035 and Met 01210 based on 
composition, exposure history and crystallization age similarities. NWA 3163 has been 
tentatively paired with NWA 4483 and NWA 4881 based on composition and fall site 
similarities.
2.4.4. Identification
According to returned samples, only 4 minerals, plagioclase feldspar, pyroxene,
olivine and ilmenite comprise -98-99% of the crystalline surface of the moon. The 
remainder is dominantly potassium feldspar, oxides, calcium phosphates, zircon and 
troilite (Hiesinger et al., 2006). Owing to this simple lunar mineralogy, lunar lithologies 
are quite predictable. Nearly 100% of the aluminum is in plagioclase and likewise for Fe
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and Mg in pyroxene, olivine and ilmenite. Therefore, a plot of Fe and Mg concentrations 
against aluminium concentration will show lunar meteorite and Apollo samples plotting 
on a line between the composition of plagioclase and the average composition of the Fe- 
bearing minerals. Terrestrial rocks are classified using silica (SÍO2) concentrations, but 
lunar rocks lack rich abundances of quartz. Overall, lunar rocks have a narrow range of 
SÍO2 concentrations (-43^17%) making classification different. Aluminium may vary as 
much as a factor of 3, making it a much more suitable classification parameter. This is 
also the case with Ti in lunar basalts.
Fe on the Moon occurs only in the 2+ state, unlike Earth, where Fe can be in the 
Fe2+ or Fe3+ state. Lunar Mn is found only in the 2+ oxidation state. Fe2+ and Mn2+ 
behave similarly, ensuring that Fe does not fractionate from Mn during geochemical 
processes on the moon. The result is an Fe/Mn ratio of a very constant 70 regardless of 
the lunar terrain.
In lunar samples the ratios of the concentrations of any two incompatible elements 
are generally constant, such as samarium and thorium. Therefore, if plotted as a graph 
with one incompatible against the other, the data form a linear trend (Warren and 
Wasson, 1979). This pattern of ratios is true of any pair of incompatibles and presents a 
very good test of lunar origin.
Another key feature of lunar lithologies is the concentrations of alkali elements 
are many times lower on the Moon compared to Earth. Lower concentrations of alkali 
and chalcophile elements are typical features of lunar rocks.
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2.4.5. Contribution to Lunar Science
Lunar meteorites have vastly contributed to lunar science since the first meteorite 
of lunar origin was discovered in 1982. As the Apollo and Luna samples came from 
small localities, the lunar meteorites are assumed to have originated from places on the 
moon, effectively increasing the lunar sample space geographically. Low Ti basalts have 
provided evidence for lunar magmatism up to 3.9 Ga (Warren and Wasson, 1988). Also, 
low Ti basaltic meteorites have provided the oldest age for low Ti lunar basalts, at 3.8-3.9 
Ga.
The feldspathic lunar meteorites have also proven to be of great value.
Feldspathic clasts from highland breccias have Sr/Nd isochrons of 4.4 Ga, giving 
evidence to the ancient lunar magma ocean hypothesis (Taylor, 1973). Breccias 
containing impact melt clasts have provided ages that neither reinforce or disprove the 
lunar cataclysm hypothesis. The evidence remains equivocal and dates gleaned from new 
highland breccias will aid the resolution of this problem.
2.5. Lunar Granulites
Lunar granulites are an important yet poorly understood component of the ancient 
lunar highlands. The granulites occur at most of the Apollo landing sites as hand samples 
and clasts in highland breccias (Lindstrom and Lindstrom, 1986). Several lunar 
meteorites also fall into this category. Lunar granulites are breccias of granulitic or 
poikiolitic textures with 70-80% plagioclase and varying mafic mineral composition 
(Lindstrom and Lindstrom, 1986). Granulites generally contain moderate to high
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concentrations of siderophile elements, a possible sign of meteorite contamination. They 
also have low concentrations of incompatible elements, a factor that separates the 
granulites from most polymict breccias collected during the Apollo missions. 
Compositionally, the lunar granulites parallel estimates of the average highlands (Taylor 
etal., 1982).
The granulitic breccias can be divided into 2 groups, ferroan and magnesian. The 
relative low abundances of REE’s and incompatibles suggest a non-KREEP source. 
Several methods of formation for lunar granulites have been suggested over the years. 
Both (Hollister, 1973) and (Ashwal, 1975) thought the granulites were igneous in origin. 
Since then, however, most others have examined the metamorphic features. The 
discrepancy in interpretations was likely due to the granulite suite consisting of 2 
dissimilar textural types. The end members are coarse poikiolitic and fine grained 
granoblastic types (Cushing et al., 1999). The physical environment and parameters for 
metamorphism are not well defined, though a common theme is that the pre-metamorphic 
texture points to a protolith that is brecciated. This would indicate that impacts are 
involved in some capacity. The heat source for metamorphism could have been hot 
ejecta, though (Warren and Wasson, 1977) two pyroxene thermometry study rules out a 
simple ejecta blanket (~1000°C). Another possibility is that the early, heavily brecciated 
lunar crust was sufficiently hot for high temperature metamorphism to a depth of a few 
kilometres, with the heat being provided by the magma ocean (Cushing et al., 1999).
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2.5.1. Composition
The term granulite can lead to some confusion when discussing lunar granulites. 
Strictly speaking, the so-called lunar granulites are actually hornfelses. In a terrestrial 
sense, granulites are rocks that have undergone regional metamorphism and moderate to 
high temperatures with moderate pressures. However, these metamorphosed breccias 
have been dubbed granulites despite uncertainty as to pressure and duration of 
metamorphism. Cushing et al., (1999) have grouped lunar granulites into 3 separate 
groups by texture. These are poikiolitic, granoblastic and poikiolitic-granoblastic. The 
poikiolitic group have a somewhat igneous looking texture where pyroxene oikiocrysts 
enclose plagioclase and olivine. Poikiolitic granulites have sub-angular cataclasized 
grains, with areas of recrystallization. Granoblastic type granulites are characterized by 
their homfelsic texture. Grains are typically rounded to sub-rounded with triple junctions 
of 120° common. The third type, poikiolitic-granoblastic, is an intermediary between the 
previous two but with more in common with the granoblastic rocks. (Cushing et al., 
1999) summarize each textural type in a concise table (Fig. 2.8). Cushing et al., (1999) 
also used pyroxene thermometry and crystal size distribution to calculate equilibration 
temperature and infer thermal history. The metamorphic textures, i.e.l20° grain 
boundaries and lesser amount of small crystals in the granoblastic samples studied have a 
possible explanation by Ostwald ripening. Ostwald ripening is the process by which 
crystals reach equilibrium with large crystals growing at the expense of smaller ones.
This is due the larger crystals having a lower surface to volume ratio, placing them in a 
lower energy state than smaller crystals.
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G ra n o b la s t ic P o ik ilit ic P o ik ilit ic -g ra n o b la stic
Texture H o rn fe ls ic  te xtu re , 
E q u a n t g ra in s
Ig n e o u s-like  te xtu re , f in e  to  m e d iu m  
gra in e d  (0 .4 - lm m ) p yroxene  
o ik io cry sts  a n d  su b h e d ra l in c lu sio n s
O ik o cry sts  (m o stly  o p x ) a re  
sm a lle r (< 0 .4  m m ) a n d  less  
p e rva sive
G ra in  s ize V e ry  f in e  (< 1 0 0  m m ) g ra in  size Fin e  to  m e d iu m  g ra in  s ize (5 0 -5 0 0  
m m )
G ra in  s ize  g e n e ra lly  co a rse r  
th a n  g ra n o b la stic  rocks, b u t  
fin e r  th a n  p o ik ilitic  type  
(< 3 5 0  m m )
A p p e a ra n ce A b u n d a n t tr ip le  ju n ctio n s C a ta d a s ize d O b se rv e  so m e  q u a d ru p le  and  
trip le  ju n ctio n s; s ligh t  
"g ra n u litic  look"; m a y  be  
m o re  c lo se ly  re la ted  to  
g ra n o b la stic  g ro u p
Figure 2.8. Summary of granulitic impactites, modified from Cushing and Taylor (1999).
As the system attempts to reach equilibrium, matter will diffuse through the system 
and congregate on the surface of the larger crystals. Thus, the final state for such a 
system is many larger particles and few that are smaller (Greenwood, 1969). Cushing et 
al., (1999) use these relatively rapid cooling rates(0.5 to 50°C per year) to better constrain 
the parameters of the environment in which the rocks cooled. Their major findings are 
summarized in the following:
The calculated brief cooling times and shallow burial of the rocks is not 
concordant with long term regional metamorphism (i.e. lower crust). Though the moon 
was once hot, as the ancient magma ocean cooled, these granoblastic granulites were not 
buried at great depth.
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The brecciation of the granulites make an impact crater setting more plausible, 
rather than a dike or pluton being the driver of metamorphism. There are 2 localities 
within impact craters that could satisfy the requirements for the metamorphism observed. 
The first is under or within the ejecta blanket and the second is at the base of the crater 
itself (Lindstrom and Lindstrom, 1986). The magnitude of equilibration temperature 
( - 1 0 0 0 °) suggest somewhere close to the impact melt.
2.5.2. Protolith
As lunar granulites are categorized as metamorphic breccias, the protolith of this 
suite of rocks can tell a great deal of information regarding lunar history. The overall 
bulk composition of granulites are quite similar to the average highlands crust (Cushing 
et al., 1999), as shown by Apollo samples and lunar meteorites and the average FeO 
content of the highlands (Lindstrom and Lindstrom, 1986). Papike et al., (1998) report 
granulite samples with 3.8 to 7.5 wt% FeO with a mean of 5.4 wt%. (Lucey et al., 1998) 
report a global highlands mean of 4.5 ± 1.0 wt% by remote sensing. Therefore, the 
surface of the Moon is at least compositionally similar to granulites. Lindstrom and 
Lindstrom (1986) concluded that lunar granulites are simple mixtures of pristine 
highlands rocks with anorthositic norite as the dominant protolith.
The granoblastic and poikiolitic variations of granulites underwent metamorphism 
(granoblastic) or melting (poikiolitic) during crater formation, most likely 30-90 km in 
diameter. Cooling rates calculated are concordant with metamorphism occurring in the 
uppermost -100-200 m of megaregolith. Granulites and feldspathic breccias have major
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and trace element compositions that closely resemble each other and the average 
highlands. Cushing and Taylor (1999) interpret this as the upper few kilometers of lunar 
highlands comprised of KREEP (Potassium-Rare Earth Element -Phosphorous)-free 
feldspathic fragmental debris and granulites. Each of the units is dominantly anorthositic 
norite, possibly from the early anorthositic crust. Cushing and Taylor (1999) find this 
consistent with (McCallum and O'Brien, 1996) cooling rate measurements of both 
anorthosite and Mg-suite rocks.
2.6. Lunar Meteorite NWA 3163
NWA 3163 is the largest lunar granulite and among the largest lunar meteorite 
found to date. The 1634 g meteorite was found in either Mauritania or Algeria. In 
August 2005, Greg Hupe purchased it from a dealer in Ouarzazate, Morocco. Virtually all 
that is know regarding NWA 3163 comes from an LPSC abstract by Irving et al.(2006) 
and most recently in a paper by Hudgins et al.,(2011). The meteorite’s interior is filled 
with shock fractures and contains clasts of varying shades of grey (Fig. 2.9). Irving et 
al.(2006) classified the rock as a poikioblastic recrystallized breccia. Most of the rock is 
plagioclase (-70%) enclosing pyroxene (-20%), olivine (10%) and accessory Ti- 
chromite minerals.
They also report pigeonitic pyroxene grains with exsolution lamellae of augite 
(Fsi4.5.16.1W040.2-40.5) within Opx (Fs32.33.9W04 4.5 s). The olivine has a small variance in 
composition (FeO/MnO 91.7-110). This composition is characteristic of ferroan 
anorthositic igneous rocks from the lunar highlands. Hudgins et al.(2011) interpret the
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meteorite to have undergone heating of 1000-1100°C in the time period 3300-3500 Ma 
(40Ar-39Ar), with this heat responsible for the metamorphic "granulitic,‘ recrystallization 
texture. NWA 3163 is distinctive among feldspathic lunar meteorites as it is somewhat 
mafic (5.8 wt% FeO) but also contains a low concentration of both incompatible and 
siderophile elements. Compared to the Apollo samples NWA 3163 is most like the 
ferroan granulitic breccia 15418.
Figure 2.9. Lunar meteorite NWA 3163, likely the largest known lunar meteorite 
classified as a lunar granulite.
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2.7. Mistastin
The Mistastin Lake impact structure (55°53’N, 63°18’W) is found in central 
Labrador. The impact structure contains the body of water after which it is named, Lake 
Mistastin (Fig. 2.10). Geologists first noted flat-lying igneous rocks there in 1969. The 
Geological Survey of Canada did subsequent follow up studies of the area. Due to an 
abundance of shock metamorphic features, including planar deformation features, 
diaplectic glass of both quartz and feldspar, as well as shatter cones, the structure was 
diagnosed as an impact by (F.C. Taylor, 1969) and (Dence, 1972). Currie and Larochelle 
(1969) thought the crater to be of volcanic origin, as a crypto-explosion crater.
Geologists first noted flat-lying igneous rocks there in 1969. The Geological Survey of 
Canada did subsequent follow up studies of the area. Due to an abundance of shock 
metamorphic features, including planar deformation features, diaplectic glass of both 
quartz and feldspar, as well as shatter cones, the structure was diagnosed as an impact by 
(F.C. Taylor, 1969) and (Dence, 1972). Currie and Larochelle (1969) thought the crater 
to be of volcanic origin, as a crypto-explosion crater. Lake Mistastin is contained within 
a topographically low area encompassed by a ring of low hills ~28 km in diameter. This 
rim is generally considered the original diameter of the impact. The lake surrounds a U- 
shaped island (~4km by 3km) approx. 130 m above lake level. The island consists of 
shocked basement rocks and is the remnant of the central uplift after erosion. The impact 
is found within the ~80 km Mistastin Lake batholith which is dominantly a suite of 
adamellite-granodiorite, with bands of anorthosite and mangerite trending southeast. The 
age determined by Rb-Sr is 1347 ±15 Ma (Marchand and Crocket, 1977).
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Figure 2.10. Simple geological map of Mistastin. Modified from Marion. 2010.
The major outcrop is Discovery Hill (Fig. 2.11), an 80 m section exposed impact 
melt rock. The melt sits atop allochthonous melt bearing breccia with a para- 
autochthnonous monomict breccia as a basement lithology.
The impact melt rock is generally a flat-lying, inwardly dipping sheet. Columnar 
jointing is clearly visible at Discovery Hill on the south side with basement lithologies 
found within the melt. The melt itself is cryptocrystalline with numerous plagioclase 
crystallites and lithic clasts (Marion and Sylvester, 2010). The amount of clasts
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decreases and matrix grain size increases with an upward direction through the melt, as a 
general rule. These lithic clasts tend to be anorthositic.
Figure 2.11. Mistastin Melt from Discovery Hill. Note close resemblance to igneous 
volcanic rocks.
The central island basement rocks are shocked, with maskelynite and diaplectic 
quartz glass present. A difference in composition between the maskelynite and existing 
plagioclase crystals was thought to be caused by partial melting by Grieve (1971 b). In 
light of this, the maskelynite domains have higher K2O than coexisting plagioclase 
grains. This arises from the homogenization of K2O from anti-perthite lamellae, present 
in plagioclase grains in anorthosite. This homogenization could be a consequence of the
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high level of shock compression and release that the rocks underwent, due to the 
extremely high energies of the impact.
Marchand and Crocket (1977) and Grieve (1975) show that the impact melt rock 
is very homogenous, with a mean Si02 content of 57.8 wt% and a standard deviation of 
only 1.9 wt % for 40 samples. This homogeneity is attributed to the shock effects and 
velocities created as well as the turbulence of the melt. However, slight differences in 
Si02 and K20  content allow for 3 categories to be drawn in regards to impact melt rock. 
Grieve (1975) separated the impact melt rocks into 3 classes by Si02 and K20  
composition; low, intermediate and high.
Geochemical analyses of impact melt rocks Marion and Sylvester, (2010);
Osinski et al., (2008) show that the melt is -75% anorthosite with granodiorite and minor 
mangerite. This estimation is based on units of thin melt flow, thought to have been the 
least affected by clasts becoming incorporated into the melt, as well as melting of target 
rocks due to more laminar flow a possibility in thicker flows. Impact melt rocks from 
Mistastin are shown by Marion and Sylvester, (2010); Osinski et al., (2009) to be 
heterogeneous regardless of scale. This non-uniformity is a result of the melt spreading 
out and incorporating clasts while partially melting others post-impact. Grieve et al., 
(2006) demonstrates no clear enrichment in Ni in the impact melt rocks. A more 
thorough analysis confirmed the lack of siderophile anomaly within the melt rocks. 
However, one sample did show a slightly higher than average Ir/Ni ratio which prompted 
Morgan et al to postulate the impactor was an iron meteorite. Additional analyses by 
Palme et al., (1978), showed 2 slight increases in Ir for 2 samples, but it remains to be 
confirmed that this is due to a meteorite and is not terrestrial in origin. Anomalous Cr
40
values have also prompted speculation that the impactor is achondrite but this remains 
inconclusive (Marchand and Crocket, 1977). Presently the type of impactor at the 
Mistastin lake impact structure remains classified as unknown.
Zircon ages of target rocks give ages of 1429-1451 Ma, and are all statistically 
insignificant from one another. Zircons from the gneissic host rock were between 2100- 
2400 Ma. K-Ar ages of the impact melt rock were dated by Wanless et al. (1970) at 36 
±4, 38±6 and 202±25Ma.
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Chapter 3: Methods
In addition to optical microscopy, three electron beam techniques have been 
applied to analyze and compare the textural evolution of minerals in a polished slab of 
anorthositic lunar meteorite NWA 3163 and polished thin section samples from the 
Mistastin impact structure. Electron beam techniques are needed for NWA 3163 because 
no petrographic thin section was available or was permitted to be cut from this rare 
sample. The first technique, Backscatter Electron (BSE) imaging, gives information 
regarding the spatial variations in average atomic number. This compliments colour 
SEM- Cathodoluminescence (CL) that may yield textures reflecting spatial chemical 
(e.g., trace element) variation as well as structures not otherwise observable with optical 
or SEM imaging. Finally, Energy Dispersive X-ray Spectroscopy (EDX) yields semi- 
qualitative information on the elemental composition, distribution and relative abundance 
of elements. Together these techniques allow new mineralogical and textural 
comparisons of the lunar and terrestrial samples. Results of the application of these three 
methods are presented separately for the lunar and the terrestrial materials.
3.1. SEM Cathodoluminescence
In the geosciences, Cathodoluminescence (CL) is used in a wide variety of 
mineralogical and petrological studies. It is most commonly used as a tool to 
complement other analytical methods such as X-ray diffraction (XRD) or scanning 
electron microscope, (SEM).
42
Unique CL properties of certain minerals, such as sulphides, oxides and 
phosphates, allow for quick identification of separate mineral components and their 
distribution within rocks utilizing CL spectroscopy (Ramseyer and Mullis, 1990). CL is 
also very useful to identify accessory phase minerals, particularly if these phases occur in 
very small amounts and as very fine grains.
Another facet of CL that makes it a very useful analytical tool is that the CL 
appearance of minerals can, to a large degree, vary in accordance to the elemental 
composition and formation conditions of that mineral (Ramseyer and Mullis, 1990). The 
connection between crystal-chemical properties and the character of CL is the basis for 
studies of the internal textures, zones of growth and the trace element distribution. CL 
can discern such internal structures that are not visible with standard optical microscopy 
techniques. Thus, CL techniques may provide data on the conditions of crystal growth, 
defects, incorporation of trace elements and relic cores of older grains.
3.1.1. Cathodoluminescence Theory
Luminescence is the process that is the result of the transition of an atom from an 
excited state to either a state with lesser energy or a ground state. Luminescence also 
includes the transformation of energy into visible light. Cathodoluminescence is but one 
type of luminescence; other examples include photo-, thermo-, and X-ray, all created by 
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Figure 3.1. The incidence electron beam creates several types of reactions with a given 
sample.
How far the electrons go into the crystal and how far into the crystal excitation 
occurs is proportional to the energy of the electrons (Fig. 3.2). This distance is 
commonly 2 to 8 pm but may vary considerably (Gotze. 2002). The CL intensity 
generally is proportional to the acceleration voltage and current density, but the power 
level must be limited as partial destruction of the sample may occur as well as the 
destruction and/or deterioration of specific defects.
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Auger electrons
Figure 3.2. Relative depth of origin of certain X-rays.
Cathodoluminescence is an optical phenomenon that occurs as electrons, 
generated by a source, strike valence electrons in the sample material and create electron 
holes as these excited electrons are promoted to the conductivity band. As these electron 
holes are fdled, photons (visible light) are emitted. This is due to the transition of 
electrons from an excited state to either a ground state or state of lower energy. When an 
electron transits from a high energy state to a lower energy state, energy must be released 
(Marshall and Mariano, 1988). In Cathodoluminescence, the energy being measured 
consists of photons.
Thus, the main processes of luminescence are:
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1) The absorption of excitation energy and excitation of the atoms into an excited state.
2) The transfer of the excitation state.
3) Emission of photon and reversion of atoms back to ground state.
The quality (colour) of the photon along with the probability of the photon being emitted 
depends on factors such as the nature of the material, its purity and any defects it may 
contain.
3.1.2. Methodology
The goal of this study was to investigate the ability and extent of CL imaging to 
discern between crystalline plagioclase and the less ordered maskelynite. In order to 
properly analyze both the thin sections and the meteorite slab in CL modes, a thin carbon 
coat was applied to both. Three thin sections containing plagioclase and maskelynite 
from the central uplift of Mistastin were chosen, MST-020, MST-021, MST-022. For a 
polishing compound, Master-prep Agglomerate free, seeded gel alumina suspension of 
0.05pm particle size and a pH of ~8.5 was chosen, as this compound would have a 
negligible effect on the plagioclase and maskelynite due to the neutrality of the 
compound and the small particle size.
Each thin section was mounted on a sampler holder using double sided tape. One 
weight puck of 2 0 0  g each was placed on the sample holder for added resistance against 
the polishing pad. Prior to any polishing, reflected light photomicrographs were taken of 
specific areas in order to monitor any damage that might occur during the polishing
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process. A Buehler Vibromat 2 was used with an amplitude setting of 30% for three 1 hr 
periods (Fig. 3.4). After each session, the thin sections were monitored for damage under 
reflected light. After 3 sessions, no damage was observed and the polish was deemed 
sufficient for CL.
For optimal imaging, a platinum coating was applied using a Denton Vacuum 
Desk 2. Sputtering conditions were 200 seconds at 12.5 mA. Although CL images were 
successfully taken from the sample, an EBSD1 pattern was unobtainable. After checking 
several spots on the thin section, a portion of the copper tape used to ground the section 
was analyzed and put forth a coherent EBSD pattern, assuring that the platinum coating 
was interfering with collecting a signal.
The platinum coat was then removed by using a 0.05pm polishing pad on a 
Buehler Ecomet III along with 0.05pm aluminum oxide with distilled water. This 
polishing was done for ~ 10 minutes until the platinum coat was no longer visible. It was 
then examined under reflected microscope to ensure all the platinum was removed, and 
another ~5 minutes of polishing was undertaken. After this final round of polishing, the 
section was deemed platinum free. It was then polished again using the Vibromat 2 as 
explained above for ~lhr to ready the section for a carbon coat. Due to deterioration of 
the original MST-021 thin section, likely as a result of the polishing, a new thin section 
was cut from the original blank. This new thin section, carbon coated, was used to 
collect more CL images for a comparison with the platinum coating.
1 Electron Backscatter Diffraction is an analytical technique, using an SEM to determine 
crystallographic information about a sample.
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The original MST-021 thin section was analyzed under a variety of conditions to explore 
which settings would yield the best images. Images were collected at 5kV, lOkV and 
15kV accelerating voltages. The probe current was varied from 6.73nA to 42.6nA. After 
collecting 13 CL images from MST-021, along with corresponding secondary electron 
(SE) images, 10 kV and 16.3nA were chosen as the optimal settings for the CL images 
(Fig. 3.5). These settings were then used to analyze thin section MST-021a, as MST-021 
had deteriorated. 8 CL images from MST-021a with SE images were then collected, 
along with 24 CL images, again with corresponding SE images, from meteorite NWA 
3163. 12 of these images are part of a mosaic of ROI 2.
3.2. Electron Dispersive Spectroscopy 
3.2.1. X-Ray Generation
The sample is bombarded in the SEM by an electron beam. This electron beam is 
generated by an electron source such as a heated tungsten filament or in the case of the 
Hitachi SU6600, a Schottky crystal field emission gun. This beam is accelerated through 
a potential (between 2-30 kV) and then focused using electromagnetic lenses (Fig. 3.3). 
The potential is known as the accelerating voltage and is held constant throughout a given 
analysis. The relationship between the electron beam and the accelerating voltage is such 
that if the accelerating voltage is 25kV, then beam electrons have energies of 25 keV. 
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Fig. 3.3. Cartoon of schematic of variable pressure EDX. (Image from Hitachi)
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Fig. 3.4. Principle of EDX showing electron transport between orbitals.
In order to identify minerals unambiguously, characteristic x-rays must be 
generated, then measured accurately. These X-rays are produced when the electron beam 
interacts with the electrons of the inner shell of the atoms of the sample. Some of these 
electrons maybe ejected, leaving the atom in an excited state. This atom will then return 
to a lower energy or ground state by an outer shell electron filling the “hole’' in the lower 
shell (Fig. 3.4). The result of this process is the generation of a photon with energy equal 
to the difference between the two energy levels. Most of these photons are in the X-ray 
range. Since the energy levels of a given atom's electron shells can only have discrete 
levels, the energy levels of the different shells are different for individual elements. This 
means that electron transitions are unique to particular levels and as such are 
characteristic of the atom where they occur. The energy produced in these transitions can 
be in the form of X-rays, producing characteristic X-rays (Severin, 2004).
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3.3. Beam Interaction
For typical silicate samples and accelerating voltages, the interaction volume is 
roughly 2 microns by 2 microns. This means that it is not possible to collect X-rays from 
a single material that is less than 2 microns. If a sample less than 2 microns is being 
analyzed, the beam will interact with both the particle and whatever substrate it rests 
within. This will cause the spectrum to be a mix of both the X-rays from the particle and 
the substrate.
3.4. Sample Preparation
A specimen to be analyzed by EDX must be conductive in order to allow an exit 
for the electrons generated by the electron beam. If the specimen is not conductive than 
it will gain a static charge. The electron beam would then deflect off the sample, which 
would reduce the number of X-rays generated. Carbon coats have less of an effect then 
gold as they absorb fewer of the X-rays produced and the carbon peak can be ignored in 
most cases.
3.5 Sources of Error
There are several sources of error to consider when applying EDX as an analytical 
technique. EDX detectors with a beryllium window will not be able to detect low energy 
X-rays as they are absorbed by the window. This prevents elements H, He, Li and Be 
from being detected. There is also the issue of several elements having shells with
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identical energies (peaks) with other elements. It is very important to be cognizant of 
these peak overlays, as it could mean incorrectly identifying an element. If a peak is in 
question, a prudent course of action would be to look for other peaks of the same 
element. If the element is actually present, many peaks, Kal,Ka2, L1,L2 etc, should be 
visible in the spectrum.
3.6 Data Collection
EDX was used in this particular study to examine and qualitatively characterize 
NWA 3163 and samples from Mistastin. This was done by acquiring both EDX 
elemental maps of various regions of interest in addition to gathering EDX spectra. A 
total of 8 EDX elemental maps were generated from samples MST-003, MST-011, MST- 
021, MST-021A (2) and NWA 3163 (3). EDX point analysis data was also collected 
from each sample.
In order to ensure proper calibration of the instrument, a set of standards were 
chosen from the UWO Microprobe Lab. These standards were named Albite, used to 
calibrate Na; Grossular, used for Ca; and Orthol, used to calibrate O, Al, and Si. These 
elements comprise the bulk of the spectra collected and are enough to ensure the quality 
of the data.
3.7 Acquisition Parameters
For optimal resolution and activation volume, the Hitachi SU6600 FEG/SEM was
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set to 10 kV accelerating voltage with a medium 10 probe current setting of 2.07 nA. 
These parameters were generated by experimenting with a range of values on the other 
samples. EDX are interpreted by a spectra, which show how frequent an X ray occurs for 
each energy level. An EDX spectrum normally displays X ray peaks corresponding to 
the energy levels for which the most X-rays had been received. The X axis shows the 
energy levels of the given X rays being measured, while the Y axis is a measure of how 
concentrated the element is in the sample being analyzed.
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Chapter 4: Results
Results for sample NWA 3163 and Mistastin samples are presented separately in 
this section. A comparison and discussion of these results is presented in Chapter 5.
4.1. Results for NWA 3163
4.1.1. Visual macroscopic observations
The polished surface of the slice of lunar meteorite NWA 3163 available for 
examination is green/grey to brownish/grey with numerous cracks and fractures. The 
general appearance of the polished surface of the slab is heterogeneous with regard to 
slight colour variations between pale green and grey (Fig. 4.1).
Fig. 4.1. Digital image of NWA 3163, approximately 4cm in long direction.
No distinctly euhedral crystals are observed and few distinctly monominerallic 
domains are visible, except for two light grey subhedral grey (plagioclase) domains 
located towards the center of the slab as indicated with arrows (Fig 4.1). Much of the 
slab appears brecciated due to the discontinuities in colour and mineral domain shapes. 
Many fractures are visible. No obvious metamorphic textures such as foliation or grain 
boundary triple junctions are visible. The outer edge of the slab consists of a pale green 
fusion crust. Thin mm-wide veinlets are pervasive and, under microscopic examination, 
some likely consist of calcite, a product of weathering or aqueous deposition that 
occurred during the meteorite’s exposure in the North African desert. The major veinlets 
are light brown and >1 mm wide. The second larger slab briefly examined for this study 
also contained several plagioclase clasts that quite obviously appear to have been 
brecciated and now separated by an unknown interstitial darker, possibly glassy material 
filling the interstices (Fig. 4.2).
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Fig. 4.2. Large slab ofNWA 3163 (not analyzed by SEM in this study) clearly displaying 
brecciation.
4.1.2. BSE Mapping Observations
The distribution of minerals and a new view of the general texture of this 
meteorite was obtained by collecting 112 BSE images of the surface of the slice and 
assembling them in a mosaic (Fig. 4.3). Minerals with higher average atomic number 
such as Fe-Ti oxides or Fe sulphides form bright, anhedral domains that make up an 
estimated 5% of the sample surface. Intermediate intensity BSE domains correspond to 
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Fig. 4.3. BSE mosaic ofNWA 3163 with ROI’s indicated.
The low intensity BSE domains correspond to dominant mineral plagioclase feldspar that 
comprises the matrix.
In order to gain more information on matrix mineral compositions and textures, 
two regions of interest were selected near the edge of the slice. Note that further mild 
polishing of the sample surface with microdiamond compound in water was conducted 
following the initial BSE imaging of the slice. In order to limit sample coating cycles, the 
sample was not recoated with conductive carbon, but was instead analyzed at high 
magnification with Environmental Secondary Electron Detector (ESED) and BSE in 
variable pressure mode using the ZAPLab analytical variable pressure FEG-SEM.
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4.1.3. Region of Interest (ROl) 1.1
Three areas within ROI 1 were investigated in detail. The BSE image of ROI 1.1 
shows that the surface is continuous across mineral grain boundaries, which are locally 
disrupted by later open fractures in random orientations. EDX spectra from the dark 
phase are consistent with plagioclase feldspar, while the phase exhibiting the intermediate 
response displayed a spectrum consistent with pyroxene. Plagioclase feldspar is the 
dominant phase, displaying a dark grey BSE response occupying 80-90% of the image 
(Fig. 4.4). No grain boundaries are visible in BSE within the plagioclase domain, which 
entirely envelops subhedral to anhedral pyroxene grains. These pyroxenes makeup 10- 
20% of the image, range from 10-20 pm in diameter. A higher magnification view (ROI 
1 . 1 a) shows that fractures within these pyroxene grains do not continue into the 
surrounding plagioclase matrix (Fig. 4.4). Several grains show a bright BSE response 
which correspond to the phases troilite, or possibly Ti-chromite, observed by Irving et 
al„ (2006).
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Fig. 4.4. a) ESED image of ROI 1.1b) Higher magnification image of a) showing 
plagioclase (pig) and pyroxenes (px), c) BSE image of a) with d) as inset. See 
accompanying EDX spectra in Appendix Fig. A1.
4.1.4 Region of Interest 1.2
ROI 1.2 is quite similar to ROI 1.1. A generally featureless plagioclase (80-85% 
of the image) surrounds subhedral to anhedral pyroxene grains (Fig 4.5). These pyroxene 
grains display characteristic intermediate BSE response, are commonly fractured, have 
long dimensions ranging from 5-40pm and occupy -15-20% of the surface. The phase 
which exhibits the brightest BSE response, troilite, occupies <5% of the images with
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subhedral to anhedral grains ranging from 5-1 Opm. Again, no euhedral grains are 
observed but rather only large domains of feldspar surrounding pyroxene and sulphide 
phases. No grain boundaries are visible in the feldspar in BSE (Fig 4.5a). EDX spectra 
from each mineral phase are identical to those collected from phases with corresponding 
BSE intensity in ROI 1.1.
Fig. 4.5. a) BSE image of ROI 1.2 b) Accompanying ESED image of same region.
4.1.5. Region of Interest 1.3
ROI 1.3 is dominated by an anhedral 200 pm long pyroxene grain surrounded by 
a homogeneous, typically grey feldspar matrix (Fig. 4.6a). Again the fractures seem to be 
hosted by the pyroxene grain and rarely continue into the plagioclase. Several grains that 
show a bright BSE response are associated with this phase. Several interesting textures 
become apparent when examining the pyroxene grain at a smaller scale (Fig. 4.7d). EDS 
spectra collected from the phases present are consistent with those from the rest of the 
slab. Complimenting these spectra are EDS elemental maps showing the presence and 
concentration of given elements. These maps show a significant difference in the
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elements present in the feldspar matrix compared to the pyroxene grains (Figs. 4.6b-d). 
Comparison of the Ca map and Mg map of the main pyroxene grain reveals that two 
pyroxenes appear to be present; a Ca-rich pyroxene (likely clinopyroxene) occurs around 
the edges in anhedral domains that appear to pseudomorph the main crystal shape in an 
apparent replacement texture. This partial to complete replacement can also be seen in the 
smaller pyroxene grains in the plagioclase matrix.
b
Ca
Fig. 4.6. a) BSE Image of ROl 1.3. b-d) EDX maps highlighting Ca c) Mg, and Al, 
respectively, showing troilite (brightest phase), pyroxene (medium phase) and plagioclase 
(darkest phase).
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Fig. 4.7. a) BSE image of ROI 1.3 showing b) as inset with bright troilite phase, medium 
pyroxene phase and darker plagioclase phase. B) showing identical phases on a smaller 
scale with accompanying EDS spectra with c) Further zoom in with inset d) BSE image 
of ROI 1.3 highlighting offset exsolution lamellae (red arrow). See Appendix Fig. A9 for 
more spectra.
At higher magnifications the boundary between the clinopyroxene and the pigeonite can 
be seen with the truncation of the exsolution lamellae. The exsolution lamellae have also 
been locally offset by cross-cutting linear features. Troilite is often found adjacent to 
pyroxene grains where they appear to be intruding the pyroxene by exploiting the 
exsolution lamellae (Fig. 4.8). Troilite has a lower melting temperature (~1188°C) than 
pyroxene and this texture suggest remobilization during substantial heating.
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Fig. 4.8. Troilite exploiting pyroxene exsolution lamellae.
Cathodoluminescence images from ROI 1.3 show several interesting features that are not 
apparent in ESED or BSE images (Fig. 4.9a). The most obvious is the strong UV signal 
from the plagioclase domains that is assigned a pale violet colour by the CL acquisition 
software. A second feature is the network of narrow, curvilinear features that have lower 
CL emission. They cross cut the plagioclase and subdividing it into domains ranging in 
size from 10-50pm with most domains being 10-20pm in width. Apparent angles of 
intersection between features range from 90° to >120° with some meeting to form triple 
junctions (Fig. 4.9, arrow 1), outlining what appears to be grain boundaries or remnants
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of grain boundaries. Pyroxenes have very low CL emission and appear completely black 
with no internal structure whatsoever.
Fig. 4.9. Mosaic of SEM-CL micrographs. Note low CL emission curvilinear features 
cross cutting plagioclase . Image is ~360^m across.
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Fig. 4.9a. CL and ESED image of plagioclase domain with pyroxene. Note darker 
curvilinear features (possible granoblastic texture) visible under CL(a) and not ESED(b).
4.1.6 . Region of Interest 1.4
ROl #1.4 is comprised of mainly featureless, grey plagioclase that contains several late 
stage fractures, which are also visible in ESED (Fig.4.10). It is doubtful these features 
are grain boundaries, but most likely late stage fractures as they have relief. 
Cracks/fractures are dominantly within the pyroxene grains which make up -10% of the 
image. Phases with the bright BSE response are found in -3% of the image. The grains 
are 5-10pm long (Fig. 4.10). As in the other ROTs, this phase is found always adjacent 
to pyroxene grains. All grains range from subhedral to anhedral. EDS spectra from a 
small area of a pyroxene yield identical spectra despite a slightly different BSE response 
(Fig. 4.1 Od).
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Fig. 4.10. a) BSE image of ROl 1.4 showing high response phase, troilite within 
plagioclase matrix with b) and d) shown as insets, b) Troilite within a plagioclase matrix 
with c) as inset, c) Anhedral troilite grain d) Adjacent pyroxene grains showing slightly 
different BSE response with accompanying EDS spectra. See Appendix Fig.AlO for 
more spectra.
4.1.7. Region of Interest 2.5
Two areas within ROI 2 were investigated in detail. ROl #2.5 is dominated by a 
100 pm wide pyroxene grain contained in a plagioclase groundmass (Fig. 4.1 la) that is 
characteristically devoid of any features in BSE and ESED. Several 10pm fractures 
cross-cut all minerals and appear to show relief. Fractures are restricted to within the 
anhedral pyroxene grains. A very small amount, <1% of the image, is the high BSE 
response sulphide phase.
6 6
On a smaller scale, parallel linear features ~1 pm wide and 3 pm apart are visible 
as they produce a slightly darker BSE response than the rest of the pyroxene grain in 
which they are contained (Fig. 4.1 lc). Two sets are visible, the first covering the upper 
left-hand portion of the image, and the second at an oblique angle to the first, which 
covers the lower right hand comer of the image. Neither set appears disrupted and both 
are visible, albeit faintly, in ESED as well as BSE (Fig. 4.1 Id). If an originally linear 
trend for the features is assumed, the lower set of features appears to be offset in a dextral 
sense due to distributed strain in two locations. Also, the pyroxene and the deformed 
features are cross cut by veinlets that extend from embayments in the grain boundary 
with matrix plagioclase. The BSE response of the vein-filling phase is identical to that of 
plagioclase, and that of a nearby oval shaped, ~3 micron diameter inclusion (Fig. 4.1 lc).
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Fig. 4.11. a) BSE image of ROI 2.5 showing anhedral pyroxene grain with b) and c) as 
insets, b) BSE image of pyroxene grain crosscut by vein, c) BSE image showing 
plagioclase embayment and off set exsolution lamellae (arrows), d) ESED image of same 
area (parallel lines are scratches from polishing.)
4.1.8. Region of Interest 2.6
ROI 2.6 is populated by ~20% subhedral to anhedral pyroxene grains. These 
grains range in diameter from 1 0- 1 0 0 pm and show substantially more internal fractures 
than the rather featureless, typically grey feldspar, although some 1 0 0 pm scale late stage 
fractures are obvious in the lower left corner (Fig. 4.12a). Higher magnification BSE 
imaging of the feldspar phase (Fig. 4.12) indicates domains of slightly darker gray 
signifying a slight elemental change from area to area. The grain giving the brighter BSE
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response contains the same elements as the adjacent darker grain, but has a higher Mg 
peak. This higher Mg content is the likely cause of the brighter BSE response.
Fig. 4.12. a) BSE images of ROI 2.6 showing pyroxene grains(light) within a plagioclase 
matrix(dark) with c) and b) as insets, b) pyroxene grain emitting bright BSE response in 
dark plagioclase matrix, lineations are from polishing, c) Close up of pyroxene grains 
with slightly different BSE response, d) Slightly larger zoom-in with e) as inset, e) 
Extreme close up of pyroxene grain showing exsolution lamellae, f) EDS spectra from 
brighter px grain on right side with prominent Mg peak, g) EDS spectra from darker grain 
on left, with less intense Mg peak. See Appendix Fig. AI4 for more spectra.
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A pyroxene grain yielding an intermediate BSE response shows a set of parallel linear 
features l-3pm thick and 3-5pm apart. Unlike ROl 1.3, these features are not truncated 
but do show a small displacement. These features are most likely exsolution lamellae 
and are characterized by a lighter BSE response than the surrounding grain.
4.2. Petrography of Mistastin Samples..
Plagioclase-rich material was examined from several environments within the 
Mistastin Lake impact structure thought most likely to have experienced high post-shock 
temperatures capable of producing ‘granulite’ textures reported for NWA 3163. This 
entailed analysis of cm-scale anorthositic clasts of target material entrained in impact 
melt rock, and a sample of the anorthositic central uplift. Samples were selected during 
reconnaissance mapping of the area and prepared for analysis (Fig. 2.10). In contrast to 
the meteorite sample, polished thin sections could be prepared such that optical 
petrographic observations that revealed domains of isotropic impact (diaplectic) glass 
could be integrated with BSE and CL analysis.
4.2.1. Anorthositic clasts from impact melt rocks
The thin sections 003, 006 and 008 were prepared from anorthositic clasts within 
a matrix of crystallized impact melt rock. The dominant mineral of the quenched melt 
surrounding the clasts is plagioclase in the form of laths that are < 2 0  pm to > 1 0 0  pm in
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the long direction The laths show migrating extinction as the stage is rotated and faintly 
to well defined twinning (Figs. 4.13a.b). Closer to the margins of cm to less than cm- 
scale clasts the plagioclase shows a well defined margin, as the laths appear much larger 
[up to -400 pm] and tend to form radiating patterns (Fig. 4.13a).
Fig. 4.13. a) Mono-minerallic clast within melt rock displaying subdued twinning, b) 
Similar clast within melt with primary twinning preserved, c) Melt laths of varying size 
surround clast, d) Reddish alteration pervasive in melt with clast showing primary 
twinning.
The plagioclase tends to show no preferred orientation farther from this margin. 
Interstitial to these grains is very fine grained, anhedral to dendritic pyroxene. There is 
also an abundant opaque phase of Fe-Ti oxide, likely magnetite as they appear cubic.
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Vesicles are also present, though not common. They are roughly spheroid and it is 
possible that some are the result of thin section polishing plucking out various grains. 
Clasts within the melt unit are mono-minerallic and composed of feldspar or quartz. 
Almost all of the clasts are plagioclase feldspar and they appear to fall into two groups. 
The first displays albite twinning at least faintly and has a thin corona around the edge of 
the grain that appears to be a zone of reaction with the melt. An interior rim of fine­
grained brown alteration material can also be observed. These appear to be the least 
shocked of the clasts based on petrographic observations. The second group tends to not 
show any twinning but a more pronounced reaction rim around the grain with more fine­
grained brown alteration interior rim. Visible within the largest grains of either set are 
poorly defined, sub-linear planar microstructures. These are generally only visible under 
high optical magnification and are obscured by alteration. A small number of clasts 
consisted of toasted quartz and display what appear to be PDF’s.
4.2.2. Clast/Melt Interaction
An anorthositic clast enclosed in melt from sample MST09-003 was selected for 
optical and electron beam analysis. In BSE imaging, the most noticeable feature is the 
reaction rim surrounding the clast, which has an average higher atomic number than 
much of the clast’s interior (Fig. 4.14b). This rim is ~30 pm thick around the entire clast 
and appears to be of similar composition to the feldspar laths of the melt. Another major 
feature of the clast visible by BSE are the thin (2-5 pm) linear features with an average 
spacing of 2-3 microns that run subparallel to the long dimension of the clast (Fig.
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Fig. 4.14. a) Crossed polar light photo of MST09-003 showing clast in melt matrix, b) 
BSE image of same clast with inset, c) Note reaction rim. d) linear features (possible 
PDFs) oblique to twinning.
4.14d). They appear a similar shade of grey to the reaction rim and the melt laths and are 
likely similar in composition. These features have blebs of very light grey and white, 
signifying elements of higher atomic number. They are not normal features in plagioclase 
and it is possible that they are shock related. According to EDS elemental maps (Fig.
4.15), these features are relatively rich in Ca and poor in Na.
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Fig. 4.15. EDS elemental maps of MST09-003. a) BSE image b) showing concentration 
of Na c) Ca and d) K
4.2.3. Anorthosite samples from Central Uplift
Anorthositic target material was also investigated to test for the presence of
Y
granulite textures created by impact processes. Six samples of anorthosite were collected 
from six outcrops distributed across the crater and Horseshoe Island, the central uplift of 
the Mistastin Impact Structure (Fig. 2.10). Polished thin sections 020, 021 and 022 were 
obtained from three of these samples. The lithology is typically grey on weathered 
surfaces with many cracks and fractures (Fig. 4.16b).
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Fig. 4.16. Photos of anorthosite outcrops from Mistastin. Note hammer and pen magnet 
for scale. All photos are shocked anorthosites from the central uplift.
These three thins sections are shocked anorthosites, with a simple mineralogy consisting 
of plagioclase feldspar and pyroxenes. The feldspars range from anhedral to subhedral 
grains and display pristine twinning to undulatory extinction, with twin boundaries. 
Some of the feldspar has been transformed to maskelynite and remains extinct under 
crossed Niçois. This maskelynite often contains numerous highly biréfringent needle­
like inclusions. Maskelynite, a metastable phase, shows devitrification textures, 
particularly at pyroxene grain boundaries.
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The pyroxene grains range from anhedral to subhedral and display prominent 
fracturing and brecciation, most likely caused by the shock wave generated at the time of 
impact. Pyroxene grains frequently display a clinopyroxene rim to an orthopyroxene 
core. Signs of thermal contact metamorphism are absent, as shock indicators 
(brecciation, maskelynitization) dominate.
4.3. Sample MST09-021 Central Uplift
A representative thin section of the shocked anorthosite body was investigated 
with optical and electron beam methods. BSE images of a pyroxene clast within 
plagioclase feldspar from the central uplift of Mistastin show a rim structure in the 
pyroxene with a 60-80pm region surrounding the main grain giving an intermediate BSE 
response. This contrasts with the pyroxene core, which gives a bright response and is 
fracture filled (Fig. 4.17a). Adjacent to the pyroxene grain is a region of plagioclase that 
mainly exhibits a medium grey BSE response with very thin l-2pm linear features 
visible which appear to have random orientations (Ellipse, 4.18b). These features extend 
towards the upper right-hand comer of the image and are parallel to one another. When 
compared to the optical image (Fig. 4.17b), there is no discernible difference in the BSE 
image between the optically extinct maskelynite and crystalline plagioclase. Under CL, 
the same is true as although the thin linear features are visible when compared to the 
optical image, the CL shows no visible difference between maskelynite or crystalline 
plagioclase.
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Fig. 4.17. a) BSE image of plagioclase/pyroxene boundary with corona structure visible 
from MST09-021 from Mistastin Central Uplift b) XPL photomicrograph c) ESED of 
MST09-021. d) Colour CL of corresponding area.
Also approximately -100pm from the first linear features are another set of sublinear 
features that are ~60-80pm long and run perpendicular to the first set (ellipse. Fig.
4.18c). These features areas are characterized by a slightly darker grey BSE response. 
Immediately next to the pyroxene grain is a region with an almost black BSE response in 
a somewhat random orientation (Fig. 4.18d).
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Fig. 4.18. a) BSE image of MST09-021. b) high magnification image showing linear 
features with dark BSE response, c) BSE image showing secondary linear features 
perpendicular to the first, d) Dark grey BSE response from area next to pyroxene grain.
The first feature shows more structure when analyzed at high magnification. On a fine
scale the features are not perfectly linear but have very small splays at right angles to the
linear feature (Fig. 4.18c). Many irregular shapes giving the same BSE response are
present making the plagioclase appear heterogeneous. The darkest BSE response is
mainly concentrated along these linear features.
When analyzed on a fine scale, the second feature shows dashed lines, randomly 
spaced, of the dark BSE phase surrounded by the regular grey feldspar (Fig. 4.18b). 
These very small, thin lines have the same orientation as feature #1 and again show
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heterogeneity in the plagioclase phase. None of these features are present in ESED, 
signifying a difference in the elemental make-up of the phase.
Cathodoluminescence images from the thin section MST09-021 show some 
internal structure of the plagioclase. The structures visible are identical to those visible in 
BSE (Fig. 4.17d). These linear structures show a dark CL response contrasted with the 
homogeneous UV signature of the rest of the image. There are a set of parallel linear 
features that give off a pink hue in CL, these features cover the entire CL image and are 
generally 5pm apart and <5pm thick (Figs. 4.19c,d). A triangle clast, most likely 
corresponding to a pyroxene, gives a pale blue CL signature (Figs. 4.19a,d, upper left 
comer). The previously mentioned linear features, as described in BSE, show up as 
zones of low CL emission. The phase showing the darkest BSE response adjacent to the 
pyroxene also appears dark in CL. The maskelynite regions cross cut these linear 
features and therefore post-date them.
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Fig. 4.19. Colour CL images of MST09-02I (central uplift). Note linear features 
emitting a bright pink CL signal. Triangular pale blue feature in upper right comer of a) 
and b) is most likely pyroxene according to petrography.
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Chapter 5: Discussion
The optical and electron beam results for the slice of lunar granulite NWA 3163 are 
herein synthesized with regard to mineralogy, textures and the sequence of crystallization 
and textural events that led to its formation. The results from the anorthositic samples of 
the Mistastin impact structure are similarly synthesized. Finally, the evolutions of the 
terrestrial and lunar materials are compared to determine whether any of the 
environments in the Mistastin structure are analogous to processes that created the lunar 
‘granulite’ sample NWA 3163.
5.1. NWA 3163
5.1.1. Mineralogy
Several distinct mineral phases were identified using BSE images in combination 
with EDS spectra. The main mineral is plagioclase, which occupies domains up 1 to 2 cm 
wide. The plagioclase appears homogeneous in BSE except for numerous inclusions of 
other mineralogical phases (Fig. 4.3). This homogeneity suggests a consistent chemical 
composition throughout the plagioclase. This consistency is most likely the result of the 
plagioclase domain being a former single grain relict, as a single grain would have a 
common chemical composition across the entire grain (Irving et al., 2006). This finding 
agrees with the study of Irving et al. (2006), which revealed a narrow range of anorthite 
numbers of An97 4.98 2 in NWA 3163. Scattered throughout the slab are inclusions of 
variably sized (>lmm to <10pm) pyroxene grains. Some of these have exsolution 
lamellae, whereas others do not. Those without lamellae are likely augite (Fig. 4.5a), as
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determined by EDS spectra. For pyroxenes with lamellae, the lamellae are very narrow 
(2-3pm) and are compositionally different than the surrounding grain, as indicated by the 
darker shade of grey in BSE images (Fig. 4.7d). This is typically due to cooling below 
the pyroxene solvus as augite and pigeonite separate into two distinct phases, causing the 
mechanical separation that appears as exsolution lamellae (Fludgins et al., 2011). The 
mineralogical estimates of this study are close to those of Irving et al., (2006) who, based 
on a thin section analysis, report -70% plagioclase, -20% pyroxene with accessory 
amounts of Ti-chromite.
5.1.2. Mineral Textures
The dominant texture of the NWA 3162 sample studied here could be termed 
“poikiolitic”, with plagioclase enveloping subhedral to anhedral pyroxene grains (Fig. 
4.3). However, this is an igneous texture in which early formed crystals have euhedral to 
subhedral forms. In the case of NWA 3163 all the grains are anhedral or modified due to 
metamorphism.
5.1.3. Grain boundary modification
Non-igneous structures and/or textures are clearly seen in the BSE and EDS 
mapping of pyroxene with exsolution lamellae (Fig. 4.6), and the plagioclase CL results 
where dark, narrow linear structures are discontinuous and non-parallel to boundaries 
between plagioclase and other minerals (Fig. 4.9). This would indicate the formation of
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these structures was not related to the original formation of the minerals, but rather were 
caused by a later event.
Pyroxene grains range from subhedral to anhedral and are always found 
completely enveloped by plagioclase domains. Compared to these plagioclase domains 
that are featureless in BSE, the pyroxene grains contain many visible fractures and 
cracks. Pyroxene grains also display narrow exsolution lamellae that are truncated and 
offset in places (Fig. 4.7d). Troilite is shown to be invading pyroxene grains by 
exploiting these lamellae.
5.1.3.1. Plagioclase
Plagioclase can exhibit a similar relationship to pyroxene (ROI 1.5) with an 
embayment-like domain of plagioclase cross-cutting pyroxene exsolution lamellae (Fig. 
4.1 lc). If the pyroxene lamellae are cooling and exsolution phenomenon, this 
crosscutting relationship suggests that the plagioclase was remobilized during a later 
thermal and/or shock event. BSE images of this phase are devoid of any detail except for 
late stage fractures. Overall, the plagioclase phase accounts for ~70-80% of the total 
volume of the slab. The plagioclase completely envelops all other phases, which EDS 
spectra shows pyroxene and troilite.
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5.1.3.2. Troilite
As seen in Fig. 4.8, it appears that troilite is intermingling with surrounding 
pyroxene and invading via the exsolution lamellae. It seems to occur preferentially only 
at these lamellae and nowhere else at the grain boundary. This texture implies a 
remobilization of elements during one of the stages of metamorphism.
5.1.4. Textural evolution ofNWA 3163 
Stage 1:
The petrogenesis and metamorphic history of lunar meteorite NWA 3163 can be 
better ascertained by considering the sequence of cross-cutting relationship of the 
textures/chemical zoning in the different minerals. As a poikiolitic granulite, the 
interpreted history is one of a thermally metamorphosed anorthositic breccia. Irving et 
al., (2006) characterizes the lamellae as augite lamellae within orthopyroxene (Fig. 4.7d). 
The presence of the lamellae would indicate a slow cooling of the pyroxene grain with 
the augite phase exsolving as the original magma cooled. This cooling is a primary 
igneous texture, though in this instance igneous does not necessarily mean from a 
plutonic or volcanic origin, but merely from a melt. Textural evidence shows that slow 
cooling from a melt of undetermined origin is the first event in the history ofNWA 3163.
Stage 2:
BSE images of pyroxene grain show exsolution lamellae that have been offset 
mechanically while keeping the lamellae relatively intact (Fig. 4.7d). It also appears that
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the exsolution lamellae formed by cooling, then were offset by a deformation 
event(impact event?) that did not affect the grain boundary of the pyroxene. BSE images 
clearly show lamellae displaced from its original position with a lateral sinistral sense of 
movement. This displacement is not pervasive to all lamellae but only visible at certain 
places within the pyroxene grain. Clearly this offsetting would be the second event in the 
history ofNWA 3163.
5.1.5. Thermal overprinting 
Stage 3:
Textural evidence gleaned from both BSE images and CL shows some evidence 
of thermal annealing. After both the formation of the exsolution lamellae and the 
mechanical offsetting of them, the sample was then most likely buried beneath a melt 
sheet, either of impact or volcanic origin, at some depth for a substantial amount of time. 
Cushing et al., (1999) suggest a melt sheet of 40 to 400m thick to produce enough heat to 
produce granulite textures in lunar meteorites. The impact generated melt sheet at 
Mistastin was likely ~200m thick, sufficient to produce these textures (Grieve, 1975) 
Visible in BSE imaging, the exsolution lamellae terminate in a more homogeneous 
domain extending inwards from the edge of a pyroxene grain (Fig. 4.7d). A possible 
cause of this could be the heat from the overlying impact-produced melt sheet, resulting 
in recrystallization of the pyroxene, destroying the existing lamellae. Also, comparing 
CL images to ESED images, the CL shows quenching sites that likely define former grain
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boundaries that are not visible to under ESED (Fig. 4.9a). ESED is a more surface 
sensitive technique and does not reveal chemical or structural variation as employed here.
Thus, it appears that former grain boundaries have been thermally annealed by the 
heat provided by an external source-perhaps an impact generated melt sheet. Most likely, 
the sample underwent a process called Ostwald ripening, where larger grains grow at the 
expense of smaller grains as the system attempts to reach equilibrium (Voorhees, 1985). 
This could account for the CL showing formerly existing grains of plagioclase whereas 
smaller grains seem relatively scarce. The variations in the CL of NWA 3163 are likely 
due to a variation in trace element composition, as CL from Mistastin remains consistent 
whether from crystalline plagioclase or maskelynite. As far as could be determined, the 
CL signal from maskelynite or plagioclase appear identical. These trace element 
variations are not visible under BSE, as BSE images of the same domains yield a 
homogeneous signal.
Stage 4:
Given the metastable nature of maskylenite and its tendency to revert back to 
crystalline plagioclase at relatively low temperatures (Bunch et al., 1967), it would 
appear that the creation of the maskylenite recognized in other studies (Irving et al.,
2006) was the last event in the history of the meteorite. This would mean that 
maskelynite creation coincided with the impact that ejected the meteorite from the 
surface of the Moon.
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5.2. Summary of Textures: Textural Classification of NWA 3163
Overall, the textures observed in NWA 3163 are consistent with those of a 
poikiolitic granoblastic granulite, using the terminology of Cushing et al., (1999). 
Evidence for poikiolitic textures are the observations of a matrix of homogeneous 
plagioclase with a somewhat granular texture with triple junctions present, though not 
abundant. Inclusions of small anhedral pyroxenes are common throughout and are 
generally sub-equant to equant. Troilite also occurs as small anhedral inclusions set 
within the plagioclase matrix. Cushing et al., (1999) describe the poikiolitic granulites as 
“igneous looking”, implying crystallization from a melt, in this case an impact generated 
melt. However, Cushing et al. (1999) describe pyroxene oikiocrysts enveloping 
subhedral to euhedral plagioclase grains; the inverse is observed here with plagioclase 
domains surrounding anhedral pyroxene. This could be the result of sampling bias. 
Evidence for brecciation includes the large plagioclase domains as seen under CL, as the 
narrow dark linear features show what is interpreted to be former plagioclase domains. 
Additional evidence for a breccia origin for the meteorite is the large plagioclase grains 
as seen in the digital optical image of the entire slab. Evidence for post-brecciation 
metamorphism includes the truncation of exsolution lamellae as seen in the upper portion 
of the pyroxene grain in Figure 4.7d. This is interpreted to be post-brecciation thermal 
annealing caused by an overlying impact melt sheet, given the nature of the specimen. 
Equally as possible is that the heat source was a mare lava, given the age NWA 3163 as 
determined by (Hudgins et al., 2011). They present an Ar40-Ar39 age of 3327 ± 29 Ma, 
an age which would coincides with the majority of lunar mare volcanism (Hiesinger and 
Head III, 2006). This annealing could also account for the “residual” grain boundaries
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left in the plagioclase phase as seen under CL, as these curvilinear features are often 
absent from a corresponding SE image. Heat from an overlying melt sheet could have 
caused these grain boundaries to anneal, destroying old grain boundaries leaving only a 
low emission signature visible by CL. These factors result in lunar meteorite NWA 3163 
being a poikiolitic-granoblastic granulite.
5.3. Mistastin Lake Impact Structure Samples
The mineralogy of the Mistastin target lithologies has been characterized by other 
authors (Grieve, 1975; Marion and Sylvester, 2010). These terrestrial anorthositic 
samples were investigated to determine whether shock and intense post-shock heating 
could produce similar textures as observed in NWA 3163. Two major components of the 
Mistastin impact structure that were investigated were clasts fully enclosed in impact- 
produced melt rocks and the central uplift.
5.3.1. Clast in Melt Textures
Notably, twinning was commonly observed in these clasts, a sign that igneous 
textures were at least partially preserved throughout the melt, something not seen in 
NWA 3163. Nearly all clasts observed showed some type of grain boundary 
modification, clearly due to contact with the melt matrix. This contact modification was 
prevalent, though never pervasive through entire clasts, but limited to the outer 2-5pm. 
Observed in BSE, it appears that these rim structures have a different composition than
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the rest of the clast, as they exhibit a different BSE signal (Figs. 4.14b,c). Another 
important and common feature of the clasts enclosed in the melt is the difference in 
composition, which occurs along planar features. It is clearly visible under BSE that 
along these planar features are very narrow zones of material that shares a similar 
composition to that of the melt. This is likely evidence for some sort of alteration 
occurring preferentially along these planar features with the features acting as a conduit 
for matter transfer (Fig. 4.14d).
5.3.2. Central Uplift Textures
The most striking feature of the central uplift textures was that of a granulite-type 
texture of coronal clinopyroxene around orthopyroxene set within the plagioclase. This 
feature was investigated using all methods in this study (Fig. 4.17). These separate 
phases exhibited different BSE signals, verifying a difference in chemical composition. 
Immediately adjacent to the coronal texture is a plagioclase/maskelynite phase, which 
displayed heterogeneity in BSE, CL and optical microscopy. This heterogeneity is 
visible under BSE as shown by a distinctly darker signal sitting right next to a more 
intermediate signal. The darker phase is concentrated into thin linear structures with a 
preferred orientation. These same structures emit a bright pink signal under CL and are 
likely of impact-generated origin as they seem to be related to the maskelynite domains 
adjacent to the pyroxene grain. They also bear a strong resemblance to shock features, 
such as planar deformation features (Stoffler, 1972) (Fig 4.17c). The metamorphic 
granulite texture is deemed to be pre-impact, as any granulite forming event would have
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resulted in the devitrification of the maskelynite. The maskelynite creating event, i.e. 
meteorite impact, must have been the most recent event in Mistastin’s history.
5.4. Comparison of Mistastin andNWA 3163
The lunar granulite texture based on the results here, can be summarized as a 
poikiolitic granoblastic granulite, using Cushing et al., (1999) terminology. The 
evolution of the Mistastin sample from the central uplift is most analogous to NWA3163, 
with the important exception that it has experienced a single shock event. It was found 
that the granulite-facies mineral assemblage (corona structure) in the Mistastin sample 
pre-dated the impact event. Partial conversion of surrounding plagioclase to maskelynite 
occurred and there was no evidence of granoblastic textures formed post-impact. 
Similarly for the anorthositic clasts entrained in the melt sheet. None of the observed 
clasts were entirely recrystallized, but rather display primary twinning, as the shock wave 
did not destroy all primary twinning. The only real discernible change in the clasts is at 
along the boundaries with the melt, where there are signs of elemental exchange (Fig. 
4.15) possibly the result of dissolution and adsorption by the melt. Also absent from the 
Mistastin samples are any high angle grain boundaries or 120° triple junctions, a 
distinguishing characteristic of granoblastic granulites and an indication of the system 
attempting to reach equilibrium under significant heat. Therefore no ‘granulite-forming’ 
environments have been detected in this study at Mistastin structure, suggesting that 
NWA 3163 formed in an environment significantly different from that of Mistastin. It 
should be noted that Cushing et al., (1999) suggest a burial depth in a melt sheet of
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between 20-200m. Given that the melt sheet at Mistastin is at least 85m, (likely thicker 
orginally) some other factor has not been satisfied at Mistastin in order to produce 
samples with a lunar ‘granulite’ texture. Cushing et al., (1999) also suggest a minimum 
crater diameter of 30-90 km in order to satisfy the melt thickness, indicating that the 
scale of the crater must play a crucial role in the production o f ‘granulite’ textures. 
According to Hartmann, (1972), this would correspond to a terrestrial crater o f—1.5-5 
km in diameter.
The lunar meteorite has been subjected to several events during its complex 
history. It must be remembered that it is a breccia and therefore may have contained 
material that witnessed different petrogenetic paths. The following is a possible sequence 
of events for the sample overall. First the original crystallization from a melt occurred, 
producing exsolution lamellae in pyroxene as the rock cooled. An impact then disturbed 
the rock enough to offset these lamellae after they had sufficiently cooled. A subsequent 
heat source then created a melt sheet that provided enough heat to partially anneal small 
grains, resulting in recrystallization of the pyroxene and the truncation of the exsolution 
lamellae. This heat was also enough to cause Ostwald ripening, in effect healing former 
grain boundaries in the plagioclase. Finally, another impact created the maskelynite 
possibly during the ejection event from the surface of the moon. It is clear from the 
textures present that lunar meteorite NWA 3163 is a poikiolitic granulite that has 
undergone several impacts and thermal events. In a recent paper Hudgins et al. (2011) 
present the interpretation that lunar granulite NWA 3163 and paired stones are 
metamorphic in nature, with impact melt rock breccias and clast bearing impact melt 
rocks as a protolith that are heated to 1000-1100 °C and are subsequently recrystallized.
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destroying any primary textures. These paleotemperatures, however, are based on 
pyroxene exsolution lamellae that results here show to be early in the textural 
progression.
To summarize, Hudgins et al.(2011) propose an 40Ar-39Ar age of 3327 ± 29 Ma, 
an age representing peak metamorphism and the ‘granulite’ forming event. (Cushing et 
al., 1999) suggest a burial depth of 20-200m and a subsequent minimum crater size of 
30-90km in order to produce granulite metamorphism. It appears the major factor here 
inhibiting the formation of granulite textures is not the melt thickness, but the crater size, 
as Mistastin has an effective crater size of 28 km and as such is too small to produce 
‘granulite’ textures like those present in NWA 3163.
5.5 Conclusions:
In summary, the results of this study have provided new insights into the origin of the 
NWA 3163 granulite meteorite and, by inference, these enigmatic granulite rocks in 
general. This study has also demonstrated the usefulness of a series of non-destructive 
analytical techniques in studying precious samples, which may aid in the analysis of 
future sample return missions. The major conclusions are as follows:
• Cathodoluminescence alone was not successful in distinguishing maskelynite 
(diaplectic glass) from crystalline plagioclase.
• Cathodoluminescence was more successful in identifying grain textures when 
compared to ESED images of the same area.
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• Cathodoluminscence technique has been shown to be useful as a non-destructive 
technique when dealing with rare extra-terrestrial material, especially when 
combined with other techniques such as ESED, BSE and EDS.
• No studied samples taken from the Mistastin Lake impact structure displayed 
granulitic textures analogous to NWA 3163.
• A key difference between the Mistastin samples and NWA 3163 is that the latter 
has undergone multiple impact events.
• Cushing et al., (1999) proposed that impact melt sheets as thin as 20 m are 
sufficient to create granulitic textures. The Mistastin melt sheet has been 
estimated at a minimum thickness of 80 m (Grieve, 1975), yet these textures were 
not produced; therefore some other variable, presumably crater size, controls the 
distribution of granulitic textures, at least in terrestrial analogues.
• Further studies of lunar granulites and possible analogues are needed to better 
understand lunar granulite formation.
• Thin sections of meteoritic material, particularly lunar meteorites, are invaluable 
and wherever possible should be made available to aid in research and scientific 
discovery.
5.6 Future Work:
As no textures examined at Mistastin were analogous to lunar granulites. further 
study of this suite of lunar rocks is needed to better understand the formation conditions 
and parameters of metamorphism undergone by these cryptic rock. A more thorough 
study of clasts taken from within the melt rock at Mistastin could potentially yield new
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clues if particular attention is paid to gather samples of a wide range of size and from 
various depths within the melt rock layer. A comparison of a thin section ofNWA 3163 
with thin sections from Mistastin would also be very prudent, in order to observe and 
compare grain boundaries, size, distribution and composition. Other impact craters, such 
as Manicouagan crater in central Quebec, which also has an anorthosite target rock 
component, could possibly be another locale to which to compare lunar granulites.
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Appendix A
NWA 3163 BSE, EDS and ESED Data
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□ a Fig. A2) EDX Spectra from ROI 1.2.EDX spectra below correspond to above 
BSE image.
104
Fig. A3. More EDX Spectra from ROI 
1.2. EDX spectra below correspond to 
above BSE image.
105
Fig. A4. EDX maps of ROJ 1.3 Starting upper right and going clockwise: Ti, Fe, Si 
and O.
106
Fig. A5. BSE images from ROI 1.3. Phases labelled Pig = plagioclase, 
Px = Pyroxene, Tr = Troilite.
107
Fig. A6. EDX Spectra from ROI 1.3. EDX 
spectra below correspond to above BSE image.
108
109
Fig. A8. EDX Spectra from ROI 1.3. EDX
spectra below correspond to above BSE image.
no
Fig. A9. EDX Spectra from ROI 1.3.
EDX spectra below correspond to above
BSE image.
1 1 1
Fig. A 10. EDX Spectra from ROI 
1.4. EDX spectra below correspond 
to above BSE image.
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Fig. Al 1. EDX Spectra from ROl 2.5. EDX
spectra below correspond to above BSE image.
113
Fig. A12. EDX Spectra from ROI 2.5. EDX
spectra below correspond to above BSE image.
114
Fig. A l3. EDX Spectra from ROl 2.5. EDX 
spectra below correspond to above BSE image.
115
HR
Fig. A 14. EDX Spectra from ROI 2.6. 
EDX spectra below correspond to 
above BSE image.
116
117
